The actual study is an attempt to analyze the influence of the main oxides on the behavior of heat cured fly ash/ slag blend geopolymer mortars activated with sodium hydroxide (NaOH). Fly ash and slag were decomposed into oxides and analyzed in oxide basis. Polynomial models for mortar flow workability and compressive strength were built based on 40 design points with different; oxide ratios, water content, NaOH levels and curing temperatures normalized appropriately. The same data were also modelled and analyzed in Design Expert package program Response Surface method using the historical data feature. The models show to be very stable as the error values are several orders of magnitude smaller compared to the respective coefficients. It was observed that main oxides such as CaO, MgO and SiO 2 play an important role on the compressive strength of the mortars. On the other hand, both the methods used to build the models resulted in same equations, which indicates the consistency between the two approaches.
Introduction
Industrial waste storages such as GGBFS-Ground granulated blast furnace slag-and FA-fly ash-constitute an important environmental problem. Even though they have been used for decades as artificial pozzolans or blended with Portland cement, still only 20-30 % of slag [1] , and 50-55 % of fly ashes [2] are being used, and the rest of them is occupying large landfill areas. Both slag and fly ash contain high percentages of amorphous silica and alumina making them a good source of suitable material to be used for the production of alkali activated mortars or concrete [3] [4] [5] . Known also as geopolymers, they are produced when materials containing alumina and silica react with alkaline solutions, producing aluminosilicate structures [6] . This process results not only in making use of a considerable amount of these industrial wastes, but also in the production of high-performance binders [7] . Geopolymers have a three-dimensional alumino-silicate structure in amorphous state with properties similar to ceramics [8, 9] . Different studies report about the use of liquid sodium silicate, sodium metasilicate, sodium hydroxide and sodium carbonate as alkali activators to produce geopolymer mortars or concrete [10] [11] [12] . It has been reported also that curing temperature plays an important role on the alkali activation rate of materials such as fly ash and slag [1, [13] [14] [15] . Heat curing is very effective in improving the microstructure, reducing drying shrinkage, and compressive strength of geopolymer concretes, activated with NaOH and Na 2 SiO 3 [16] . The best curing method might be different and related to the type of activator used. For example, dry heat curing is recommended for sodium hydroxide, but not for water glass systems since it tends to delay the reaction rate. On the other hand, steam curing shows intermediate strength between covered curing and dry curing [17] . It was also reported that increasing the slag percentage in alkali activated slag/fly ash mortars resulted in higher compressive strength [18] . The oxide composition of fly ash/slag shows to play an important role in the strength development of geopolymers. For normal cured geopolymers it shows to be strongly related to the CaO content and its ratio to SiO 2 and Al 2 O 3 , whereas lower correlation values are obtained from heat cured mortars activated with sodium metasilicate [19, 20] . Different studies have investigated the production factors of alkali activated materials separately from each-other. In their previous study the authors investigated and assessed properties of alkali activated fly ash/ slag blends activated in different water to binder ratios, NaOH levels and curing temperatures, considering also the interaction between the factors and developed empirical models to predict the mortar properties [15] . The models were very accurate in fly ash/slag bases, but being industrial by-products, fly ash and slag can have very different chemical composition and oxide percentages depending on factors such as: raw material properties, technology of power plant or blast furnace etc [3, [21] [22] [23] . This study is an attempt to develop universal models based on the content of some of the main oxides such as CaO, MgO and SiO 2 or/and Al 2 O 3 in the fly ash/ slag blend considered to be the most important ones in the geopolymerization process.
Materials 2.1 Ground granulated blast-furnace slag (GGBFS) and Fly ash (FA)
In this study there were used GGBFS produced in Iron-Steel Factory of Iskenderun, Turkey and FA from Sugozu thermal power plant Adana, Turkey. The specific gravity of GGBFS is 2.81 g/cm 3 and Blaine specific surface of 4250 cm 2 /g and the hydraulic activity index according to ASTM C989 [24] classified as a grade of 80 slag. Whereas the Class F fly ash has a specific gravity of 2.39 g/cm 3 and a Blaine value of 2900 cm 2 /g, SiO 2 + Al 2 O3 + Fe 2 O 3 > 70 %, CaO < 10 % according to EN 450-1 [25] and 28 days pozzolanic activity of 78 according to ASTM C618-94a [26] . In Table 1 are reflected the chemical compositions of GGBFS and FA.
Sodium hydroxide and sand
The sodium hydroxide (NaOH) was provided from Akca Chemical Company, Istanbul, Turkey. The chemical composition of sodium hydroxide is 98 % NaOH and a small amount of Impurities. Whereas the mortar mixtures were prepared with Rilem-Cembureau Standard dry sand provided from Trakya Set Çimento Sanayi T.A.S. Cement Factory, Turkey.
Methodology 3.1 Experimental design
The mix designs of the alkali activated fly ash/slag blend mortars were prepared with 'Combined Design' method of Design Expert 8 package program [15, 27] . The mortars were produced with 1350g RILEM sand and 450 g of fly ash/slag in conformity to TS-EN 196-1 [28] , 180-225 g water and 50-150 g NaOH, and cured in different temperatures ranging from 50 to 100 °C for 72 hrs. The design points are not defined according to a predefined trend, but they scan the whole design space and are used to model the variations for each response [15] . The mortars were then tested for flow workability and compressive strength, which were considered as the most important properties of the mortars to be investigated. Fly ash and slag were decomposed into oxides and analyzed in oxide basis.
Analysis of polynomial models
Polynomial models of flow workability and compressive strength were developed from the experimental results of the 40 test series with different oxide ratios, NaOH, water levels and curing temperatures as shown in Table 2 . A system of algebraic equations, involving polynomials, using the data at disposal was set up, where the coefficients of the models are the unknowns. Generally, there are more equations than unknowns, so the system is over-determined and consequently the least-squares method is applied. The actual system is then inverted thus obtaining the values of the coefficients. Then the errors of these coefficients are calculated following the standard procedure of the least-squares [29] . This method has been accurately applied by the authors also in other studies [30] . The same data were also modelled and analyzed in Design Expert package program's Response Surface method, using the "Historical Data" feature.
For modelling purposes, the oxide ratios, water content, NaOH and curing temperature for each of the 40-test series were considered as factors. However not all the oxides present in the mixture are of the same importance. In the literature it is reported that geopolymerization process results in the formation of C-(A)-S-H [31] [32] [33] . This shows that calcium-based, and magnesium-based gel formations are independent from each other and can develop simultaneously, whereas the involvement of aluminium oxide is optional, that is why only CaO, MgO and SiO 2 were considered important for the analysis represented in the model as x 1 -(CaO + MgO)/SiO 2 . Based on previous research pointing out that the concentration of NaOH plays a very crucial role on the strength development of fly ash and slag geopolymer mortars, it was considered as an important factor for the model, represented as x 2 [1, 15] . On the other hand, water/solid phase represented as x 3 , is well-known for its effect on the properties of hydraulic binders, however it was considered for the model in order to understand its combined effect with the other factors. Curing temperature represented in the model as x 4 is considered very important for the development of the microstructure and compressive strength of geopolymer concretes, activated with NaOH [16] . In order not to use different units in the same model all the four variables were normalized appropriately. The normalized variables as given in Table 2 . take values in a specific set such as: x 1 -(CaO + MgO)/SiO 2 between 0.07 and 1.163, x 2 -ratio of Na+ /solid phase of the binder from 0.064(6.4 %) to 0.192(19.2 %), x 3 -water/solid phase ratio between 0.4-0.5 and x 4 -normalized temperature equal to curing temperature/100 °C. As the temperature ranges from 50-100 °C the normalized values range from 0.5-1.
Then the empirical models of normalized variables and test results were developed as polynomial equations up to the second order. Initially a model for the workability of the mortar was built. The values of workability were organized in the vector y and one element being y i . Therefore
The quadratic model was also considered, but the results were very similar indicating that the linear version is quite accurate. On the other hand, as the curing process does not affect the fresh mortar it was not considered for modelling. Also, it was previously observed that NaOH didn't show any notable effect on flow workability, for that reason it was not taken in consideration. That is why in the equation of flow workability were included only the CaO + SiO 2 /MgO ratio and water content as factors affecting the workability of the mixture. The system Eq. (1) can be written in matrix form as
Here A is the matrix of the values of the normalized variables and v is the vector of the model's coefficients. The coefficients are calculated by matrix inversion v A y
where A -1 is the inverse of matrix A. 
The terms from 'x 1 ' to 'x 4 ' refer to: x 1 -(CaO + MgO)/SiO 2 , x 2 -Na + /solid phase of the binder, x 3 -water/solid phase and x 4 -curing temperature/100 °C. There is no free term in this equation because it was found that it destabilized the model by yielding complex coefficients. A matrix equation similar to Eq. (2) is obtained and the inversion is carried out as in Eq. (3).
Preparation and curing of the mortar samples
The mortar samples were prepared and cast into 40 × 40 × 160 mm prismatic moulds in compliance with the TS-EN 196-1 [28] standard. The mortars were placed in the mortar moulds and put in the oven for curing. The curing temperatures of each mix are shown in Table 2 . The mortar specimens were dry cured [17] for 3 days in the oven. After removing from the oven, they were cooled to room temperature then removed from the moulds and tested.
Flow workability test
The flow workability of the fresh mortars was determined in compliance to TS EN 1015-3 standard [34] . The test specimen is prepared in the conical mould of 60 mm ±0.5 mm upper base and 100 mm ±0.5 mm lower base diameters. After positioning the mould in the middle of the test table, it is filled with mortar in two layers, hitting each of them for ten times with a wooden rod. In 15 seconds, the mould is slowly removed, and the table is dropped 15 times. The flow workability is the average value of two perpendicular diameters of the mortar.
Compressive strength test
The compressive strength test is performed on 40 × 40 mm area at a loading rate of 500 N/s. The mathematical average of the six tested samples is the compressive strength in accordance with TS EN 196-1 [28] .
Results and discussion 4.1 Results for polynomial models
The numerical calculations were done by adopting the data shown in Table 2 . The codes for the models are written and run in the MATLAB platform using matrix calculation features. The coefficients as well as the respective errors are shown in Table 3 . As it can be seen from the table the coefficients are one or several orders of magnitude larger than the respective errors. Equations (5) and (6) 
It should be stressed that higher quantity of data would improve the polynomial method results [30] . However, from the results above, it can be deduced that the polynomial method is very reliable in the design of geopolymer mortars. The two terms of the flow workability model are independent from each-other, whereas the terms of the compressive strength model are interrelated, which means that the removal of any of the terms from the model will change the values of the coefficients.
In order to find the optimal results, it was constructed a grid of experimental points (each point being a set of three or four numbers pertaining to each of the normalized variables) in the specific range of the normalized variables. The total number of grid points was limited due to shortage of computational capabilities. However, for the workability model the grid contained 400 points whereas the compressive strength model contained 160000 points. Then the coefficients found from the matrix inversion show in Table 3 were used to calculate the predictions of each model.
The numerical calculations show that: the flow workability the optimal value is 278.5 and is achieved for x 1 = 0.070, and x 3 = 0.500; the compressive strength the optimal value is 71.9 that is achieved for x 1 = 1.163, x 2 = 0.192, x 3 = 0.400 and x 4 = 1.000;
The obtained results show some interesting implications. It is clear that low (CaO + MgO)/SiO 2 ratio and high water content contribute to high workability. On the other hand, the highest curing temperature maximizes the compressive strength. It is observed that a relatively high value of (CaO + MgO)/SiO 2 ratio, low values of water content and high NaOH content as well as high curing temperature yield optimal mechanical characteristics for the mortars.
Response surface method
The same data used for the polynomial modelling shown in Table 2 were also analyzed in Design Expert package program's Response Surface method, using the "Historical Data" feature. Fig. 1 illustrates the effect of (CaO + MgO)/SiO 2 and water/binder ratio on the flow workability of the geopolymer mortars. As it can be seen from the graph and from the Eq. (7) the only parameters that affect the flow workability of the mortars are the (CaO + MgO)/SiO 2 and water/binder ratio. The maximum flow workability values are reached when the (CaO + MgO)/SiO 2 => (minimum) and water/ binder => (maximum) Flow Workability x x = − − + 47 5 99 55 666 03 1 3 . . . .
Flow workability model analysis
As it can be seen from Fig. 1 and from Eq. (7) the function fits a linear model. It indicates that flow workability of the mortars increases linearly as the (CaO + MgO)/SiO 2 ratio decreases which in this case means decreasing of slag and increasing of fly ash content. Literature also indicates the same trend [35] [36] [37] . Because CaO and MgO mainly come from ground granulated blast furnace slag, whereas SiO 2 mainly comes from fly ash. Water to binder ratio also shows to be an important factor for the flow workability. Even though in the beginning the NaOH/binder was considered as a factor the model shows that NaOH content in the given range does have any notable effect on flow workability [38] . It should not be forgotten that the fineness of the binding materials plays a very important role in the flow workability of the mortars. Blaine specific surface of GGBFS in this case is 4250 cm 2 /g whereas fly ash has a Blaine value of 2900 cm 2 /g. Clearly the coefficients are very similar to that of the polynomial linear model indicating consistency between these two approaches.
Analysis of compressive strength model
Equation (8) shows the variation of the compressive strength values with regard to X 1 -(CaO + MgO)/SiO 2 , X 2 -Na/ binder, X 3 -Water /binder ratios and X 4 -Curing temperature. In the case of compressive strength, the coefficients for both models are identical indicating greater consistency than the flow workability case where the coefficients are slightly different. 
The figures below illustrate the compressive strength variation for different combinations of the variables. Fig. 2 illustrates the effect of (CaO + MgO)/SiO 2 and Na/ binder ratio on the compressive strength values for minimum water to binder ratio (w/bind = 0.4) and maximum temperatures = 100 °C. As it can be seen from the graph, Na/binder ratio has a very important role in the compressive strength values of the mortars. Also, similarly to the polynomial model the maximum compressive strength values are reached when the (CaO + MgO)/SiO 2 is equal to 1.16 (maximum) .
Taking in consideration that the reaction mechanisms of slag systems result in the formation of C(M)-(A)-S-H and the fly ash based systems in the formation of N-(A)-S-H [31] [32] [33] it can be derived that NaOH acts as a catalyser for the first case and as a reactant in the second one. Literature reports that the production of low alkaline and high temperature fly ash/slag blend geopolymers [39] in this case at a 0.6-0.8 (CaO + MgO)/SiO 2 ratio shows to be a good option for mortars of compressive strength up to 60 MPa. Previous researches also point out that the concentration of NaOH plays a very crucial role on the strength development of fly ash and slag geopolymer mortars [1, 14, 40, 41] . Fig. 3 shows the compressive strength development for different (CaO + MgO)/SiO 2 and water/binder ratios. It indicates that the compressive strength decreases as (CaO + MgO)/SiO 2 and water/binder ratios decrease. Other studies also report that increasing the alkaline liquid content results in the decreasing of compressive strength of alkali-activated concretes or mortars [36, 39] . Fig. 4 illustrates the effect of (CaO + MgO)/SiO 2 and curing temperature on the compressive strength values. The results show that Curing temperature is a very important factor in the activation of fly ash/slag geopolymer mortars. The strength values increase considerably as the curing temperature increases. Especially for low (CaO + MgO)/ SiO 2 mixtures which indicates that curing temperature is a crucial factor in the activation of fly ash with NaOH. Literature also reports that fly ash activated with NaOH shows very little or no activation products for curing temperatures up to 50 °C [1, 14, 39] .
Conclusions
The actual study is an attempt to analyze the influence of the main oxides on the strength properties of heat cured fly ash/ slag blend geopolymer mortars activated with sodium hydroxide (NaOH).
It was observed that main oxides such as CaO, MgO and SiO 2 play an important role in the mechanical characteristics of the mortars. On the other hand, both the ways used for the modelling of the compressive strength development of the geopolymer mortars resulted in almost the same equations, for flow workability and compressive strength.
On the other hand, the formation of N-(A)-S-H form the activation of high SiO 2 with NaOH is strongly related to the curing temperature.
As a result, it can be concluded that the models can be used as reference to produce geopolymer mortars of different oxide composition.
